Background: Mastitis endangers the health of domestic animals and humans, and may cause problems concerning food safety. It is documented that n-3 polyunsaturated fatty acids (PUFA) play significant roles in attenuating saturated fatty acids (SFA)-induced inflammation. This study was therefore conducted to determine whether mammary inflammation could be affected by consumption of diets rich in n-3 PUFA.
Background
Udder health is pivotal to productivity, antibiotic use and animal welfare [1] . Mastitis threatens the health of mammals all over the world including humans. For the dairy industry, mastitis is the most costly common disease, and the economic loss due to mastitis in dairy cattle is estimated at $185/cow/year in the United States [2] . For the pork industry, the infection of the mammary glands results in reduced productivity of sows and increased mortality of piglets [3] . Up to a third of lactating women will become ill because of mastitis [4] . The occurrence of mastitis is characterized by redness, swelling, and pain. However, without these symptoms, subclinical mastitis can also endanger the health of mammals, characterized by a high somatic cell count [5] . Owing to its invisible characteristic, subclinical mastitis may be neglected and bring even larger economic loss. The current method to treat mastitis is to use antibiotics [6] , which may lower the quality of animal products, and threaten the health of humans. Thus, new methods dealing with clinical and subclinical mastitis are urgently needed.
It is generally considered that exogenous pathogens are the main causes of mastitis, as E.coli and staphylococcus have been confirmed to play key roles in inducing mastitis in domestic animals [6, 7] . These microorganisms may activate the mammary innate immune systems and thus cause inflammatory responses. Lipopolysaccharide (LPS) has been used as the agonist in construction of mastitis models in vivo and in vitro [7, 8] . Recent studies indicated that in addition to LPS, saturated fatty [9] . Further studies revealed that the cooperative effect of SFA and LPS on monocytes resulted in about 3-fold higher mRNA and protein expression of pro-inflammatory cytokines than the sum of individual responses to SFA and LPS, indicating nutrient modification of TLR4mediated inflammation [10] . It was reported that SFA were enriched in milk of mice fed western diet, and triggered ceramide accumulation and inflammation in the neonates [11] . Notably, the neonatal toxicity requires TLR but not microbiota [11] , suggesting that SFA may induce inflammatory responses independent of exogenous pathogens. Studies in vivo and in vitro have demonstrated that n-3 polyunsaturated fatty acids (PUFA) could block SFA-and/or LPS-induced TLR signalling and attenuate inflammation [12] . However, little is known about whether the mammary inflammation induced by nutrients such as SFA and pathogens such as LPS could be attenuated by consumption of diets rich in n-3 PUFA. Therefore, the objectives of the present study were to evaluate the interactive effect of diets and reproductive stages on fatty acids (FA) metabolism and inflammation as well as to determine the effect of dietary n-3 PUFA on plasma FA composition and mammary glands inflammation. 
Results

Effect of diet type on plasma FA composition at different reproductive stages
Consumption of the SO diet increased plasma concentrations of C20:4n6 and total n-6 PUFA at day 3 postpartum (Table 1 ). In contrast, consumption of the FO diet increased plasma concentrations of C20:5n3 from day 14 of gestation and C22:6n3 at day 3 postpartum. Compared with the SO-fed rats, the FO-fed rats had lower plasma concentration of C16:0 at day 0 of gestation and day 3 postpartum, concentrations of C18:2n6, C20:4n6 and total n-6 PUFA at day 14 of gestation and day 3 postpartum, and concentrations of C18:0 and total SFA at the three time points evaluated, but had higher plasma concentration of C22:6n3 at day 3 postpartum, and concentrations of C20:5n3 and total n-3 PUFA at day 14 of gestation and day 3 postpartum.
Effect of reproductive stages and diet type on plasma FFA concentration and inflammation mediators in rat mammary glands
Plasma FFA concentration in both groups was higher at day 3 postpartum than at day 0 and 14 of gestation, with no difference observed between groups at each of the time points evaluated (Figure 1 ). In both groups, the mRNA abundances of IL-8 and xanthine oxidoreductase (XOR) (Figure 2 ), the protein levels of IL-1β ( Figure 3 ) and TNF-α ( Figure 4 ) as well as PMN prevalence ( Figure 5 ) were higher at day 14 of gestation than at day 0 of gestation. Compared with the SO-fed rats, the FO-fed rats had lower mammary mRNA abundance of XOR ( Figure 2 and protein level of TNF-α ( Figure 4 ), but had higher mammary mRNA abundances of IL-10 and peroxisome proliferator-activated receptor (PPAR)-γ at day 14 of gestation ( Figure 2 ).
Effect of LPS infusion and diet type on plasma FFA concentration and plasma FA composition
Following LPS infusion at day 3 postpartum, both groups had increased plasma FFA concentration with no difference observed between them ( Figure 6 ). LPS infusion resulted in increased plasma concentrations of C18:1n9, C18:3n3, C18:2n6 and total n-6 PUFA in the SO-fed rats, whereas no change was observed in the FO-fed rats. As a result, the FO-fed rats still had higher plasma concentrations of C20:5n3, C22:6n3 and total n-3 PUFA, and lower plasma concentrations of C18:2n6, C20:4n6, total n-6 PUFA, SFA and FA than the SO-fed rats following LPS infusion ( Table 2) .
Effect of diet type on inflammation mediators in LPS-infused mammary glands
Mammary mRNA abundances of IL-1β, TNF-α and XOR ( Figure 7 ) as well as PMN prevalence ( Figure 8 ) were increased following LPS infusion at day 3 postpartum, which was observed in the SO-fed rats rather than in the FO-fed rats. Accordingly, mammary mRNA abundances of IL-1β, TNF-α and XOR following LPS infusion was lower in the FO-fed than in the SO-fed rats (Figure 7) . In contrast, mammary IL-10 mRNA abundance was higher in the FO-fed than in the SO-fed rats, although it was decreased in the FO-fed rats following LPS challenge ( Figure 7) . 
Discussion
The beneficial effects of FO have been documented abundantly [13] [14] [15] . And evidences concerning n-3 PUFA alleviating inflammation were persuasive [16] [17] [18] . However, the effect of dietary FO on attenuating mammary inflammation has not been verified. Thus, the present study was focused on the mammary glands to test the antiinflammatory effect of dietary FO. Given that inflammatory responses are in strong association with FA types such as n-6 and n-3 PUFA, we firstly examined the plasma FA profile at different reproductive stages of rats receiving different diets. An amplified plasma concentration of n-3 PUFA was observed following FO consumption for 14 days in this study, which agreed well with the previous study in horses by Hall et al [19] . Hall et al [19] also found decreased plasma n-6 FA concentration in the FO-fed horses, but little variation of plasma n-6 PUFA concentration was observed in the FO-fed rats in this study. Noting that the horses used in the study of Hall et al [19] consumed FO for 6 weeks, a shorter consumption period (24 days) in this study may explain the little variation of n-6 PUFA. In addition, it was verified in the present study that substituting SO with FO resulted in higher plasma n-3 PUFA concentration and lower concentrations of SFA and n-6 PUFA. Amira et al [20] reported that decreased n-6/n-3 ratio led to higher plasma n-3 PUFA concentration and lower n-6 PUFA concentration, which was consistent with our results considering that the n-6/ n-3 ratio in our experimental diets was approximately 0.5:1 in the FO diet and 10:1 in the SO diet.
Another result in the present study was that upregulated plasma FFA emerged with the advance of gestation. As FFA have been reported to be associated with inflammation including mastitis [20, 21] , we further studied whether the advance of gestation was related to the expression of inflammation mediators. In both diet groups, the mRNA abundances of XOR and IL-8, protein levels of IL-1β and TNF-α as well as PMN prevalence all increased from day 0 of gestation to day 14 of gestation. TNF-α, IL-8 and IL-1β are all known as pro-inflammatory cytokines. Stimulated by a range of agents, TNF-α induces other inflammatory mediators that participated in inflammatory responses [22] . IL-8 can activate neutrophils to degranulate and induce tissue damage [23] . Moreover, IL-1β and TNF-α were elucidated to be key mediators participating in the neutrophil recruitment into the udder [24] . XOR is also an inflammatory indicator that highly expressed in mammary tissues during pregnancy and lactation [25, 26] . Hence, we proposed that the advance of pregnancy was accompanied by inflammatory responses of the udder. Notably, compared with the SO-fed rats, the FO-fed rats had lower mRNA levels of XOR and TNF-α but higher mRNA levels of IL-10 and PPAR-γ, both of which are acknowledged as antiinflammatory mediators [27, 28] . The down-regulation of XOR and TNF-α may be induced by the lower SFA and n-6 PUFA concentrations and higher n-3 PUFA concentrations in plasma. Consistent with this notion, it has been shown that the decreased production of TNF was accompanied by a decreased ratio of C20:4n6 to C20:5n3 in the membrane phospholipids of mononuclear cells, which indicates the significance of systemic n-6/n-3 PUFA profile in inflammatory responses [29] .
Excited by the potential effect of FO in decreasing pro-inflammatory cytokines in mammary glands, we further determined the anti-inflammatory effect of FO with a rat mastitis model. Rats at day 3 postpartum were infused with LPS or saline. LPS challenge resulted in elevated plasma FFA in both groups indicating the systemic inflammation induced by LPS. However, only in the SO-fed rats did LPS infusion stimulate the expression of IL-1β, XOR and TNF-α. During the process of mammary glands inflammation induced by advance of gestation as well as by LPS infusion, the relatively lower level of mammary pro-inflammatory mediators in the FO-fed rats may result from higher total n-3 PUFA concentration and lower SFA concentration in plasma. During lactation, the mammary blood flow increased sharply [30] and the mammary glands may become more susceptible to substances in the blood. Therefore, we assumed that the relatively higher SFA concentration in the SO-fed rats may lead to aggravated toxicity of LPS. On one hand, LPS could activate the TLR4 pathway, free NF-κB [31] and finally facilitate the expression of pro-inflammatory cytokines in the mammary glands of the SO-fed rats. On the other hand, the elevated XOR expression may enhance the generation of ROS which may participate in the TLR4 dimerization and recruitment of TLR4 into lipid rafts on condition that SFA were metabolized into ceramide [9, 10] . The higher levels of PPAR-γ and IL-10 in the FO-fed rats may block the TLR4 pathway, as elucidated previously [32, 33] . It has been demonstrated that DHA specifically enhanced anti-inflammatory IL-10 secretion [34] . Moreover, it has been shown in HK-2 cells that DHA and EPA can activate the mRNA expression of PPAR-γ [35] . Meanwhile, n-3 PUFA and their metabolites are natural ligands for PPAR-γ [36] and DHA for example can be metabolized by oxygenase to 17-OH and 7-OH-DHA thus facilitates PPAR-γ activation [37] . Therefore, n-3 PUFA can upregulate PPAR-γ expression and promote PPAR-γ functioning. Noticeably, maternal PPAR-γ was demonstrated to be pivotal for protecting the nursing newborns by suppressing the production of inflammatory lipids in the lactating mammary glands [38] . Additionally, it was assumed that IL-10 may inhibit the production of TNF-α and IL-6 in the mammary glands [39] . Therefore, we postulated that FO might down-regulate the mRNA expression of IL-1β, XOR and TNF-α through enhancing the expression of IL-10 and PPAR-γ.
Conclusions
This study suggested that mammary inflammation induced by pregnancy proceeding and pathogen challenge might be attenuated by consumption of FO rich in n-3 PUFA. IL-10 and PPAR-γ appeared to be the key mediators elicited by FO consumption in ameliorating the mammary inflammation.
Methods
Animals, diets and treatments
All experimental protocols were approved by the Animal Care and Use Committee of Sichuan Agricultural University, and were in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals. The experimental rats (Virgin female Sprague-Dawley rats) were purchased from Sichuan Academy of Medical Sciences-Sichuan Provincial People's Hospital Experimental Animal Research Institute, and housed individually in metallic cages in a temperature controlled (22 ± 2°C) room with a 12 h light/dark cycle and relative humidity was maintained at 60 ± 10%. Experimental diets (Table 3 ) were formulated to meet or exceed the nutrient requirements of gestating and lactating rats as recommended by AIN-93G. To create difference in inclusion levels of dietary SFA and n-3 PUFA and to make sure the two diets were isocaloric, the 7 kg fat included in the experimental diets was composed of 7 kg soybean oil (SO) in the SO diet, and 5 kg fish oil (FO), 1 kg lard and 1 kg SO in the FO diet. The FA composition of the two types of oil and experimental diets is shown in Table 4 . To avoid PUFA oxidation, all diets were stored at -20 C.
At the beginning of the experiment, all female rats were housed together with male rats to complete mating. When seminal plug in the vagina was detected in the morning, then that day was designated as day 0 of gestation. Forty-eight rats after mating were housed individually and began to receive the SO or FO diets. Blood and mammary tissue samples (n = 6) at day 0 and 14 of gestation and day 3 postpartum, respectively, were collected 9 hours after intramammary infusion of LPS according to the work of Miao et al [40] . The infusion was conducted according to the methods of Zhong et al [41] . Briefly, the inguinal mammary glands of rats were infused with 0 or 10 μg E.coli LPS (O55:B5, Sigma, USA) dissolved in 100 μl sterile, pyrogen-free, physiological saline. Blood samples were collected (after 12-h fast and following isoflurane anesthesia) through intraorbital bleeding for the separation of plasma and then stored at −20°C until analysis. The fourth mammary glands were cut with scissors, and then the left and right mammary glands were snap frozen in lipid nitrogen and stored at -80°C or fixed in 4% paraformaldehyde and stored at 4°C respectively.
FA composition analysis
Plasma FA composition was determined according to the methods described by Fernández-Real et al [42] with modification. In brief, 30-50 mg weighed plasma sample was mixed with four milliliter acetyl chloride and methanol solution (1:10, vol/vol). Transesterification was conducted and the pooled solvent extracts were dried by nitrogen at room temperature. The residues were dissolved in 5 ml hexane with internal standard and subjected to water bath at 80°C for 2 hours. Then 7% potassium carbonate was added, and supernatant was collected for analysis. Hewlett-Packard 6890 gas chromatograph equipped with a flame ionization detector was used to analyze the FA composition, and helium was used as carrier gas. The injector temperature was programmed at 250°C and the detector temperature was 270°C.
FFA analysis
A commercial ELISA kit (GBD, USA) was used to determine plasma free fatty acids (FFA) concentration as described by the manufacturer's protocols. All assays were conducted in 96-well plates and absorbance at 450 nm was detected with a microplate reader. FFA values were ∑FA means the sum of content of all fatty acids evaluated. 3 ∑SFA means the sum of C14:0, C16:0, C18:0 and C20:0 content. 4 ∑MUFA means the sum of C16:1, C18:1, C20:1 and C22:1 content. 5 ∑PUFA means the sum of C18:2n6, C18:3n3, C20:5n3 and C22:6n3 content. 6 ∑n-3 means the sum of C18:3n3, C20:5n3 and C22:6n3 content. 7 ∑n-6 means the content of C18:2n6. calculated according to the standard curve generated from the corresponding absorbance of the standard reagent.
RNA extraction and real-time PCR
The mRNA abundances of the mammary gland samples were measured by real-time polymerase chain reaction (PCR) as previously described [43] . Total RNA was extracted using a TRIZOL Reagent kit (Invitrogen, Carlsbad, CA). The cDNA was prepared using a reverse transcription (RT) kit (TAKARA, Japan) following the manufacture's instruction. Primers were synthesized by Chengdu Tiantai Biological Company (Chengdu, China).
Βeta-actin was used as an internal control according to the work of Gu et al [43] . The nucleotide primer sequences are listed in Table 5 . Quantitative real-time RT-PCR analysis was performed using a 7900 real-time PCR system (Applied Biosystems, USA) and SYBR Green assays (Master Mix SYBR® Green TAKARA, Japan). The specificity of PCR products were examined with melting curve analysis. Results (fold changes) were expressed as 2 −ΔΔCt with ΔΔCt = (Ct ij − Ct β-actin j) − (Ct i1 − Ct β-actin1), where Ct ij and Ct β-actin j are the Ct for gene i and for β-actin in a sample (named j), and where Ct i1 and Ct β-actin1 are the Ct in sample 1, expressed as the standard.
Histopathologic examination
Mammary tissue samples fixed in 4% paraformaldehyde for 24 h were further processed with standard dehydration and paraffin-wax embedding procedures to produce tissue blocks. Hematoxylin and eosin stained slides were made as described previously [40] . The prevalence of polymorphonuclear neutrophils (PMN) in alveoli was estimated by using light microscopic (Olympus BH2, Japan) analyses at a magnification of 400× as previously described [40] . Briefly, four sections of mammary tissues were chosen for each rat. Ten fields were randomly selected per sample. Results were presented as average PMN infiltration scores for each time point.
Immunohistochemistry
Polyclonal antibodies combined with the avidinbiotinperoxidase complex (ABC) technique were used for the immunohistochemical detection of interleukin (IL)-1β (Abnova, USA) and tumor necrosis factor (TNF)-α (Novus, USA). All samples from one animal were analyzed within the same assay run, and within each assay run treatment animals to be compared were included. The quantification of IL-1β and TNF-α protein expression in mammary tissue samples was performed as described [44] . For each sample, a relative value of the amount of cytokine produced was expressed as the average percentage of the positively stained areas.
Statistic analysis
All statistical evaluation was performed by using the General Linear Model procedures of SAS statistical package (V8.1, SAS Institute Inc., Cary, NC). The statistic model used is as follows: Y ijk = μ + A i + B j + (A × B) ij + ε ijk , where Y is the analysed variable, μ the overall mean, A the effect of diet, B the effect of time or LPS, A × B the effect of diet × time or LPS interaction, and ε the random error. Least-squares means comparison was used to evaluate differences among treatments. P values ≤ 0.05 were considered statistical significance. 
